Abstract The article describes the synthesis of bismuth nanosheets (BiNSs) in the presence of a small quantity of graphene oxide (GO) which is helpful for the formation of twodimensional BiNSs and improves dispersity. The material, when placed on a glassy carbon electrode (GCE), is shown to enable catalytic stripping voltammetric determination of total dissolved iron without the need for adding a complexing agent. The average thickness and length of the BiNSs are 3 to 4 nm and 100 to 200 nm, respectively. The unique nanostructure of the BiNSs, the ability of Bi to form alloys with metal, and the current amplification of the catalytic system make the modified GCE an excellent choice for electrochemical determination of Fe(III). Under the optimal conditions, the electrode has a linear response to Fe(III) in the 0.01 to 20 μM concentrations range, with a lower detection limit of 2.3 nM.
Introduction
Recently, the interest of the scientific community is aimed at the design and development of electrochemical methods for selective detection of environmentally and biologically relevant metal ions [1] . As one of such metal ions, iron plays a critical role for all living organisms by participating in a wide diversity of metabolic processes, including hemoglobin synthesis, oxygen transport and electron transport [2, 3] . Besides, iron is responsible for chlorophyll synthesis, nitrate reduction, and detoxification of reactive oxygen species [4] . The iron in natural water has been regarded as a growth-limiting factor for microorganisms and determines what phytoplankton species dominate [5, 6] . So, the quantitative determination of total dissolved iron is important for biology as well as the environment. Many techniques have been developed to detect and quantify iron such as atomic absorption spectrometry [7] , inductively coupled plasma-mass spectrometry (ICP-MS) [8] , inductively coupled optical emission spectrometry [9] , flow injection analysis [10] and fluorescence [11] . However, most analytical methods are based on relatively expensive instrument. Moreover, the size and weight of the instruments also restrict their use for in situ determination.
The electrochemical stripping analysis [12, 13] is recognized as an extremely sensitive electrochemical technique for iron determination [14] . For many years, the electroanalytical techniques were linked with the use of mercury electrodes as Electronic supplementary material The online version of this article (doi:10.1007/s00604-015-1733-z) contains supplementary material, which is available to authorized users.
working electrode for the determination of iron [15, 16] , various chelating agents including 2,3-dihydroxynaphthalene (DHN) [17] , 1-nitroso-2-naphthol (NN) [18] , and 2-(2-thiazolylazo)-p-cresol (TAC) [16] have been used to accumulate iron complexes on the electrode surface. Considering the drawbacks of mercury electrode, such as toxicity, difficulties in the handling and storage [19] , chemically modified electrodes have been developed for iron determination. Among the various modified electrodes, the bismuth-based electrodes seem to be the most promising alternatives owing to their lower mercury toxicity, ability to form alloys with metal and considerably sensitive voltammetric detection. To date, a variety of bismuth-based electrodes, such as bismuth film (BiF) electrodes [20] , bismuth bulk film electrode [21] , polymer modified bismuth electrode [22] , Bi nanotube modified electrode [23] and Bi nanoparticle modified electrode [24] have been developed for analysis of metal ions and organic compounds, but most ubiquitous and widely used configuration in stripping analysis is the bismuth film electrode. However, the utilization of bismuth-based electrode for the determination of Fe(III) has attracted only limited attention. Ex-situ deposited bismuth film electrodes [25, 26] and tin-bismuth alloy electrode [27] have been developed for iron determination with the aid of chelating agents. Considering the fascinating properties of nanomaterial, bismuth with a nanostructure may be a good candidate to modify the electrode with the better analytical selectivity and sensitivity in the determination of Fe(III) because of its various shapes, sizes, large surface areas and excellent electronic properties.
In this study, a bismuth nanosheet (BiNS) material was successfully synthesized with the precursor of the carbon nanomaterial graphene oxide (GO). It is a good notion to use the GO as a precursor to synthesize a nano-structural material. The thickness of the nanosheet is about 3~4 nm, which resulting in a huge surface areas and more active sites of this bismuth material. The BiNS modified glassy carbon electrode (BiNS/GCE) has been used for the determination of Fe(III) without using any complex agents. A number of factors had been optimized to obtain the best analytical for Fe(III) and the linear response was in the concentration range of 0.01-20 μM with a detection limit of 2.3 nM. Additionally, the BiNS/GCE was also successfully applied to the sensitive determination of Fe(III) in real coastal waters with satisfactory results.
Experimental Reagents
All chemicals and reagents were of analytical grade. GO was supplied by Nanjing Jcnano Technology Company (Nanjing, China. http://www.jcnano.com/). Bismuth (III) nitrate pentahydrate was purchased from Sinopharm Chemical Reagent (Shanghai, China. http://www.sinoreagent.com.cn/).
The percentage of hydrazine hydrate was 80 %. Iron standard solution was purchased from Acros Organics (USA. http://www.acros.com/). All other chemicals were of analytical reagents and used without further purification. All experiments were conducted at room temperature (25°C) and all solutions were prepared using deionized water (ρ = 18. 2 MΩ cm) from Pall Cascada laboratory water system (USA. http://www.pall.com/main/home.page).
Apparatus
The morphology and elemental composition of the BiNSs were characterized by scanning electron microscopy (SEM Hitachi S-4800 microscope, Japan. http://www.hitachi.com/) and energy dispersive X-ray spectroscopy (EDX HORIBA EX-350 Japan. http://www.horiba.com/), respectively. Inductively coupled plasma-mass spectrometry (ICP-MS, ELAN DRC, Perkin Elmer Instruments, USA. http://www. perkinelmer.com/) was used for comparative testing. pH measurements were performed using an E-201-C Model pH meter (Shanghai Leici Instrument Factory, China. http://www. lei-ci.com/). Electrochemical Work Station (CHI 660D, Chenhua Instruments, Shanghai, China. http://chi.instrument. com.cn/) was used throughout in all electrochemical experiments. A conventional three electrode system consisting of a modified glassy carbon working electrode (GCE, 3 mm in diameter), a platinum foil auxiliary electrode, and a silver chloride reference electrode (Ag/ AgCl, 3 M) was employed. All potentials were measured with respect to the Ag/AgCl reference electrode.
Synthesis of bismuth nanosheets
Firstly, stock bismuth nitrate solution was prepared by dissolving bismuth nitrate with distilled water, while GO was dispersed in distilled water. Secondly, stock bismuth nitrate solution and GO solution were mixed under stirring. The final mixture solution contains 0.01 M bismuth nitrate and GO (1.5 % w/w). Then 20 mL 0.02 M hydrazine hydrate was added into the 50 mL mixed solution, the procedure was accompanied by the formation of insoluble substances. The pH of the above solution was adjusted to 12~12.5 with ammonium hydroxide immediately with vigorous stirring for 30 min. Later, the mixed solution would be transferred into the Teflon reaction kettle and kept in a thermostat at 120°C for 12 h. Finally, the product was filtered with 0.45 μm membrane filters and washed several times with 1 M HCl, distilled water and absolute ethanol exhaustively. After the precipitate had been dried under vacuum at 60°C for 4 h, the BiNSs were finally obtained. By contrast, Bi material was synthesized in the same way just with the absence of GO and the reduced graphene oxide (RGO) was synthesized with the absence of bismuth nitrate.
Preparation of the modified electrode
Prior to use, bare GCE was polished on aqueous alumina slurry (0.3 and 0.05 μm), and washed with deionized water thoroughly, then ultrasonicated for 1 min. After that, the GCE was subjected to potential cycling (−0.2~0.8 V, 10 mV s −1 ) in 0.05 M HCl until reproducible cyclic voltammograms were obtained. Subsequently, the slurry of BiNSs was prepared by mixing 2 mg BiNSs and 1 mL mixture solution of 30 % ethanol + 63.75 % H 2 O + 6.25 % Nafion under sonicating for 30 min [23] . Finally, 5 μL slurry was added onto the surface of GCE and dried using an infrared lamp to get the BiNS/ GCE. Bi material modified electrode (Bi/GCE) and reduced graphene oxide modified electrode (RGO/GCE) were prepared at the same way.
Electrochemical analysis procedure
Unless otherwise stated, 0.05 M HCl was used as the supporting electrolyte for Fe(III) determination. Before the determination, the modified electrode will be immersed in the electrolyte containing Fe(III) and KBrO 3 for a while with stirring to let the Fe(III) absorbed onto the surface of the electrode. Then, the reduction responses of Fe(III) to Fe (II) at the electrodes were investigated by differential pulse voltammetry (DPV), using the following parameters: initial potential of 0.8 V, final potential of 0.2 V, amplitude of 0.05 V, potential incremental of 0.004 V, pulse width of 0.2 s, pulse period of 0.5 s and quiet time of 2 s.
Preparation of real samples
Coastal river water samples were collected from two local rivers that flow into the Bohai Sea (Shandong province, China). Coastal seawater samples were collected from the Huanghai Sea (Shandong province, China). All the water samples were stored in polyethylene bottles after filtration and kept at 4°C until determination. A certain amount of HNO 3 and H 2 O 2 was added to adjust the pH of water samples less than 2.0, then digested samples in quartz tubes using a 500 W UV lamp (Metrohm MVA-UV 705, Switzerland. http://www.metrohm. com/). Voltammetric measurements were performed on water samples diluted with the 0.05 M HCl supporting electrolyte.
Results and discussion

Choice of materials
Various materials such as Nafion [28] , gold nanoparticles [29] , multi-wall carbon nanotubes [30] , methylene blue [31] , bismuth [25] and titanium carbide nanoparticles [32] have been used to increase the selectivity and sensitivity of Fe(III) determination. Among them, bismuth-based electrodes have gained widely acceptance for trace determination of iron instead of the mercury electrode, owing to its low toxicity, the ability to form alloys with many heavy metals, simple preparation, wide potential window, and insensitivity to dissolved oxygen. More importantly, bismuth has shown good electrochemical signals to Fe(III) in previous reports [25, 26] .
Nanomaterials have been widely used for construction of electrochemical sensors because of their various shapes, sizes, and compositions which can increase the analytical selectivity and sensitivity. In particular, GO has been a hot research topic in the past few years for its unique construction. Besides, large number of functional groups in the surface of GO can be interactive with bismuth ions, which facilitate the formation of BiNSs. BiNSs material that synthesized with the precursor of GO not only possesses the nanostructure that similar with GO but also has a high percentage of bismuth content. Excellent absorption property and large surface areas from the unique structure combined with the abilities of bismuth to form alloys with metal ions make the BiNS a potential material for the determination of Fe(III).
Characterization of bismuth nanosheets
The morphologies and elemental composition of the synthesized BiNSs were characterized by SEM and EDS, respectively. Figure 1 shows SEM images at different magnifications (a, b), Bi material synthesized without precursor (c), and the EDS spectrogram of BiNSs (d). From the Fig. 1a and b, it can be seen that the BiNSs based on the GO as the precursor were uniformly distributed with a thickness of 3~4 nm. More interestingly, the diameter of BiNSs among different batches is consistent to some extent and the average diameter is about 100~200 nm. Besides, the thinness of BiNSs is almost the same at about 3~4 nm. This method for the synthesis of BiNSs has a good reproducibility. With the absence of GO, the bismuth material in the Fig. 1c were aggregated with a big size. Compared with Fig. 1a and c, it is easily to find out that the addition of GO makes the material having good dispersity and uniform shape. GO is a two-dimensional carbon-based monolayer with a lot of oxygen-containing functional groups on its surface. It is supposed that when a bit amount of GO was added into the bismuth nitrate solution, the existence of oxygen-containing functional groups makes the GO becoming electronegative and it can adsorb the positively charged Bi(III) because of the electrostatic interaction. When the GO and Bi(III) were reduced in the reactor simultaneously, because of the percentage of GO was quite low, it would be reduced to many layered reduced graphene oxide and the surrounding Bi(III) would be reduced and coalesced forming a similar two-dimensional structure. The signals of C and O in Fig. 1d were due to the RGO. Strong Bi signals were detected and the values of the signal can prove that the main components of the BiNSs were bismuth with the weight percentage of 87.96 %.
Electrochemical responses of Fe(III) on bismuth nanosheets modified glassy carbon electrode
A comparison of the DPV current densities of Fe(III) at different modified GCE has been investigated. From the Fig. 2 , no reduction peak of Fe(III) was obtained at bare GCE, while the obvious reduction peak of Fe(III) at almost 0.58 V (vs. Ag/ AgCl) can be obtained at Bi/GCE and BiNS/GCE, indicating the bismuth has a good response to the determination of Fe(III) [25] . The reduction potential of Fe(III) at BiNS/GCE and Bi/GCE was consistent with the previous report [26] but more positive than that at other electrodes, which means the Fe(III) was easier to be reduced at bismuth based electrode due to the excellent properties of bismuth. The different reduction potentials of Fe(III) may be attributed to various electrode materials. A larger peak current can be obtained at BiNS/ GCE rather than that at Bi/GCE. The material which was synthesized by using GO as a precursor has uniform nanostructure and large active areas than the aggregated bismuth material. To explore the functions of GO in the synthetic material, a RGO modified GCE was prepared. Large background current densities with almost no peak current of Fe(III) can be seen at RGO modified GCE (Fig. 2d) , which further illustrates that RGO has almost no response of Fe(III) [31] . However, during the process of bismuth synthesis, the GO can act as a synthesis precursor which is helpful for the formation of twodimensional BiNSs and the increase of the dispersity. It is bismuth with the uniform nanostructure that plays an important role in the determination of Fe(III). Besides, the effects of the ratio of GO and bismuth on the response of Fe(III) were also explored. With the increasing proportion of GO, the peak current of Fe(III) will decrease, which also indicated that the BiNSs play an important role in the determination of Fe(III) instead of GO.
Mechanism of Fe(III) determination
To obtain the reduction mechanism of Fe(III) at the BiNS/GCE, the effect of scan rate on the reduction current of Fe(III) was studied by linear sweep voltammetry. Cathodic peak current increased gradually and was linear with the increasing scan rate from 25 to 200 mV s −1 . The regression equation is expressed as i p = 0.0162v +0.1349, indicating that the electro-reduction reactions of iron at the BiNS/ GCE were typical adsorption-controlled process. The occurrence of adsorption was attributed to the adsorptive property of nanomaterial. On the other hand, the presence of KBrO 3 in the supporting electrolyte may result in an enhancement of the Fe(III) response. The reduction and its catalytic regeneration can be described as follows: Fe(III) will become Fe(II) through the electrochemical reduction process and then the Fe(II) can be oxidized to Fe(III) quickly at the presence of oxidant [25, 33] . The reoxidized Fe(III) will be reduced on the surface of the modified electrode and contributes again to the reduction current, causing a greatly improved sensitivity.
Optimization of method
The 
Calibration plot
The calibration curve of the Fe(III) determination was derived from the DPVs obtained at the BiNS/GCE in catalytic system under the optimum conditions. As it shown in Fig. 3 , the resulting calibration plots had a favourable linear in the range of 0.01~20 μM. The equation for linear regression was i p = −0.4900C − 0.0069 with the linear correlation coefficient of 0.999. The detection limit of Fe(III) at a BiNS modified GCE was 2.3 nM (s/n = 3). Furthermore, comparisons about iron determination by electrochemical methods and other analytical methods were presented in Table 1 . Electrochemical methods have good performances for its inexpensive instrument, simple procedure and relatively lower detection limit. In the electrochemical determination of iron, the absence of complex agents always accompanies with rarely high detection limit. However, our modified electrode exhibits a wide linear range and relatively lower detection limit without the utilization of any complex agents. From the discussed above, the BiNS/GCE may be a good choice for iron determination in coastal water because of its satisfactory results. Reproducibility, repeatability and selectivity
During the determination of Fe(III), parts of the material seem to be oxidized and affect the reduction of Fe(III). However, the reproducibility of the BiNS/GCE was investigated in 1 μM Fe(III) by ten independently modified electrodes prepared with the same method and the relative standard deviation (RSD) of the peak current was 4.2 %. The repeatability of the developed method was also evaluated by detecting a certain amount of Fe(III) in a catalytic system for one electrode in five measurements and the RSD was 3.8 %. The modified GCE exhibited good reproducibility and repeatability, which may be attributed to the quick determination procedure and the hardly loss of Bi. To investigate the effects of possible interfering species for the determination of Fe(III), various potentially interfering ions were added into the catalytic system. 50-fold Mn 2+ , 10-fold Zn 2+ and Cd 2+ did not affect the determination of Fe(III) (<5 % of response current change). Besides, the effects of organic species were also evaluated, such as humic substances and catechol which are common existed in the natural environment and the result shows that 20-fold humic substances and catechol did not affect the determination of Fe(III). Although many substances can be adsorbed on the electrode, but the reduction potential of Fe(III) is constant and not influenced by other substances in certain cases at BiNS/GCE. However, the fact is not denied that other ions may be possibly reduced at this material due to the less selectivity of Bi.
Practical applications
To evaluate the practical application of this modified electrode, the BiNS/GCE was firstly used for the total dissolved iron determination in coastal water samples. Coastal river water samples were diluted 500 times and analyzed by using the standard addition method under the optimal conditions. The adsorptive cathodic stripping curves of the coastal river water 1 were shown in Fig. 4 . Peak currents were linear with the concentrations (the inset in Fig. 4 ) and the equation was ip = −0.0012C − 0.0169 with a correlation coefficient of 0.997. The concentration of total dissolved iron was calculated to be 16.9 nM and the result was in agreement with the value detected by ICP-MS, indicating the capability of the BiNS/GCE for iron determination. Besides, the concentrations of Fe(III) in other samples were estimated and the corresponding results were displayed in Table 2 . Good quantitative recoveries and precision of the results implied the present method was reliable and suitable for the determination of Fe(III) in real samples.
Conclusions
In summary, BiNSs have been synthesized by using GO as the precursor. The BiNS modified GCE has successfully applied to the determination of total dissolved iron in real coastal water samples. However, during the determination of Fe(III), parts of the material seem to be oxidized at high positive potential. The determination needs to be operated as quickly as possible. Considering the characteristics of BiNSs, such as good adsorptive property, environmental friendliness and ability to form an alloy with metal ions, this Bi-based material has a promising use in accurate electroanalysis of metal ions and might have more potential applications in negative potential. 
